The anaerobic gut fungi (AGF) or Neocallimastigomycota inhabit the rumen and alimentary tract 24 of herbivorous mammals, where they play an important role in the degradation of plant fiber. 25
Introduction 48
Diverse microbes inhabit the digestive tract of ruminant mammals and contribute to degradation 49 of ingested plant fibers, a process that liberates nutrients for their hosts. Large scale genomic and 50 metagenomic sequencing of rumen microbes have produced hundreds of novel bacterial 51 genomes enabling discovery of plant biomass degrading enzymes and patterns of genomic 52 5 phylogenetic reconstructions is the placement of the Caecomyces clade. This lineage is sister to 114 the rest of the Neocallimastigomycota in the maximum likelihood tree ( Figure S1 ), while the 115
Caecomyces position is swapped with Piromyces in the Bayesian phylogeny ( Figure 1 ). This is 116 likely due to short internode distances, which suggest a rapid radiation of the ancestors of the 117 two genera. The relative short bar of the highest-probability density (HPD) on the node of the 118 AGF clade (Figure 1 ) suggests the integrative natural history of this group of fungi and the 119 outperforming resolving power of the genome-wide data in the molecular dating analyses. 120
The divergence time of the Neocallimastigomycota clade is estimated at the 121 Cretaceous/Paleogene (K/Pg) boundary 66 (±10) Mya (Figure 1 ). The chronogram (Figure 1 ) 122 displays a long branch leading to the emergence of the AGF clade, which extends from the end 123 of Ediacaran (~564 Mya) to the K/Pg boundary (~66 Mya). This suggests that the extant 124 members of AGF did not emerge until recently and then rapidly radiated into separate clades in 125 the Paleogene. The estimated time frame for AGF divergence broadly coincides with the age of 126 the grasses (70-95 Mya), previously estimated using molecular (nuclear and chloroplast) 127 markers, and calibrated using fossils from pollen and dinosaur coprolite as well as the breakup 128 time of the Gondwana (Bremer, 2002 Collectively, these overlapping estimates suggest that the evolution of the symbiotic association 135 between herbivorous mammals and rumen fungi is tightly linked with the evolution of forage 136 grasses and mammalian dietary transitions within a 66-95 Mya timeframe. The exact chronology 137 of these three divergence or transition events cannot be accurately determined partially due to the 138 intervals of the estimates (Figure 1 ). However, the dates inferred from phylogenetic analyses are 139 consistent with the hypothesis that rumen fungi have played important roles in the diet transition 140 of some mammals to acquire nutrition from forage grasses. 141
Genome-wide comparison of protein domains and homologous genes 142
Comparative genomic analysis between AGF and their non-rumen associated chytrid relatives 143 ( Figure 2 ) identified 40 Pfam domains that are unique to the AGF, representing 0.67% of the 144 6 total number of Pfams (5,980) in the AGF pan-genome-transcriptome (Table S1 and Figure 2b ). 145
The predicted functions of these domains include anaerobic ribonucleotide reductase ("NRDD"), 146 metal transport and binding ("FeoA", "FeoB_C"), carbohydrate binding (e.g., "CBM_10", 147 "CBM-like", "Cthe_2159"), atypical protein kinase ("CotH"), and glycoside hydrolase (e.g., 148 "Glyco_hydro_6", "Glyco_hydro_11") (Table S1 and Figure 2b ). In addition to these 40 unique 149 AGF domains, many additional Pfams were also enriched in the AGF. Such domains mediate 150 polysaccharide degradation and monosaccharide fermentations (Figure 2c ), including 151 "Chitin_binding_1", "CBM_1", "Cellulase", "Glyco_hydro_10", "Gly_radical", 152 "RicinB_lectin_2", "Esterase", and "Polysacc_deac_1" domains. Further, our analysis also 153 identified 106 Pfam domains that are not present in AGF genomes and transcriptomes but found 154 in sister Chytridiomycota. Most of these missing domains are related to oxidation reactions on 155 cytochromes and mitochondria, instead, they possess specialized organelle called 156 hydrogenosome conducting metabolism in the anaerobic condition (Yarlett et al., 1986) (Table  157 S1 and Figure 2d ). In addition, domains involved in the biosynthesis of nicotinic acid, uric acid, 158 purine catabolism, photolyase, and pathways of ureidoglycolate and kynurenine are also found to 159 be absent in AGF species. Similar patterns were also identified in the comparison of homologous 160 genes ( Figure S2 ). 161 A permissive criterion, allowing some missing copies, found a total of 2,728 gene 162 families shared between AGF and chytrids. We discovered that 1,709 additional gene families 163 are shared among AGF genomes (each gene presents in at least 21 out of the total 26 taxa) but 164 absent in other chytrids, while another 367 families are missing in AGF members but present in 165 the other chytrid lineages. 166
Genomic interactions within the rumen of mammalian herbivores 167
We focused on three Pfam domains ("Cthe_2159", "Gal_Lectin", and "Rhamnogal_lyase") that 168 are unique to the Neocallimastigomycota and previously not observed in fungal genomes. 169
Phylogenetic analyses support a horizontal transfer of "Cthe_2159" from rumen bacteria into 170 AGF followed by potential gene fusion to deliver eukaryotic specific functions. Similarly, 171 analysis of "Gal_Lectin" domain copies in AGF suggests they were acquired from animal donor 172 lineages. Similarity search of AGF "Rhamnogal_lyase" domain finds most similar copies in 173 plant genomes and phylogenetic analysis indicates the AGF polysaccharide lyase domain is 174 distinct and not orthologous to related enzymes in other fungi.
7
A bacteria-like biomass-binding and putatively polysaccharide lyase domain ("Cthe_2159") 176
The "Cthe_2159" domain was originally characterized as a polysaccharide lyase-like protein in 177 the thermophilic and biomass-degrading bacterium Clostridium thermocellum (Close et al., 178 2014). "Cthe_2159" are beta-helix proteins with the ability to bind celluloses and acid-sugars 179 (polygalacturonic acid, a major component of the pectin) and homologs are primarily found in 180 archaeal and bacterial genomes. Notably, a total 583 copies of the "Cthe_2159" domain were 181 identified in 5 genomes and 21 transcriptomes of AGF taxa, but reduced to a set of 126 clusters 182 based on overall protein similarity (>90%) due to redundancy in transcriptome assemblies. This 183 domain is absent in all other eukaryotic genomes examined in this study ( Figure 3 and Table 2 ). 184 A phylogenetic tree of "Cthe_2159" homologs identified from Archaea, Bacteria, and AGF 185 suggest that the AGF "Cthe_2159" domains were acquired from bacteria through HGT ( Figure  186 3). The likely donor was a gram-positive Firmicute (Clostridiales) (Maximum Likelihood 187 bootstrap value 98%) and the closest protein copies of "Cthe_2159" domains are encoded in the 188
Oribacterium sinus, Oribacterium sp., and Hungatella hathewayi genomes ( Figure 3 ). Members 189 of the order Clostridiales are integral members of the rumen microbiome. Four of these AGF 190 "Cthe_2159" domain containing genes also encode eukaryotic Pfam protein domains ("Atrophin-191 1", "eIF-3_zeta", "Nop14", and "TPH") at the 3' position of the "Cthe_2159" domain. We 192 hypothesize these domains are the result of fusion after the acquisition of "Cthe_2159" domain. 193
The functions of these additional domains include initiation of the eukaryotic translation, 194 maturation of 18S rRNA, production of 40S ribosome, and meiosis-specific activities ( Figure  195 4a). Approximately 30% of these AGF "Cthe_2159" gene models possess between 1 and 2 196 introns but there is limited spliced transcript evidence to provide confidence in the gene 197 structures, so the apparent intron gains could be artifacts of genome assembly or annotation 198 Table S1 ). We identified three 274 AGF lineage specific protein domains which are absent from all other examined fungal genomes 275 (Table 2 ). Phylogenetic analyses support the hypothesis that they were acquired via HGT or 276 other noncanonical events. Phylogenetic analyses of "Cthe_2159" and "Gal_Lectin" indicate the 277 domains were separately transferred from the rumen bacteria and animal hosts horizontally flanked with duplicated coding sequences (in Piromyces sp. E2), we are not able to confidently 288 conclude these models experienced recent intron-insertion events as there is little support of 289 spliced mRNA transcripts originating from these loci (Supplementary results). 290
The "Cthe_2159" is a newly described protein family that bind cellulosic and pectic 291 substrates in the anaerobic and thermophilic bacterium Clostridium thermocellum ( their gain is a key synapomorphy of the extant AGF taxa and may contribute to the ability of 299 these fungi to access polysaccharides in plant cell walls. Both "Cthe_2159" and 300 "Rhamnogal_lyase" (PL4 family) domains function in pectin binding or degradation activities, 301 and the possession both suggests that AGF may have evolved abilities to deconstruct pectin with 302 an exceptional efficiency that distinguish themselves from other fungi ( Table 2 and 5b and Figure S5 ). The AGF-equipped "Glyco_transf_34" belongs to the galactosyl transferase 328 GMA12/MNN10 family and may help catalyze the transfer of the sugar moieties in cooperating 1 2 with the adjacent "Gal_Lectin" domain. Our investigation found that HGT has contributed to the 330 AGF genome evolution with donors from both prokaryotes and eukaryotes. HGT may have 331 helped these fungi to acquire new functions and to thrive in the anaerobic gut as a key member of 332 the microbial community degrading plant materials in animal hosts. 333
Other than the arsenal of diverse enzyme profiles, the AGF have also been known to use 334 rhizoids and holdfasts to physically aid the fungal body to penetrate into the plant material 335 deeply, which is superior than other rumen microorganisms in terms of efficiency (Berlemont, 
Materials and Methods 361

Transcriptome and genome datasets 362
We generated the transcriptomes of 21 strains of Neocallimastigomycota fungi from cow, sheep, 363 horse, and goat feces, and rumen fluid of fistulated cows in the Stillwater, OK area (Murphy et  364 al., n.d.) ( Table 1 ). These strains were maintained under anaerobic conditions using the modified 365
Hungate method as described previously (Balch and Wolfe, 1976; Bryant, 1972; Hanafy et al., 366 2017; Hungate and Macy, 1973) . Total volume of RNA was harvested from the growing fungal 367 strains and processed for transcriptomics sequencing, which was performed using an external 368 commercial service provided by Novogene (Beijing, China). The RNAseq data were assembled 369 into de novo transcript assemblies using Trinity (v2.6. and similarity search tool BLAT (Kent, 2002) was applied to filter out genetic elements in AGF 440 with higher similarity to animal or plant homologs than any fungal ones, excluding the AGF 441 themselves. Candidate genes for lateral transfer were ranked by the combination of the two 442 strategies. The candidate genes with an assigned functional or biological process annotation were 443 analyzed with priority using phylogenetic reconstruction to infer their potential origin. 444
Identification of homologous sequences and potential origin of HGT candidate loci 445
Three Pfam domains "Cthe_2159", "Gal_Lectin", and "Rhamnogal_lyase" were identified to be 446 unique to the AGF genomes as compared to the Chytridiomycota fungi or all other fungal 447 members. To predict the donor lineages for these putative HGT events, we searched more Neocallimastigomycota (presented domains are partial; see Table S1for the full list). 877 Neocallimastigomycota (AGF) copies (copies that >90% identities have been removed) form a 879 single clade (red) indicating the HGT donor, Clostridiales bacterium C5EMF8 (an obligate 880 rumen bacterium), with strong support of maximum likelihood bootstrap (98/100). Included 881 bacterial lineages were assigned different colors according to their phylogenetic classification 882
(see legend for detailed information; the complete tree with all tip information is in the Figure  883 S3). 884 The tree also included homologs of "RhgB_N" and "Rhamnogalacturonan lyase A, B, and C". 899
Domain names are suggested using NCBI's conserved domain search tool (cutoff 1E -5 ) with 900 unaligned FASTA sequences (refer to the Figure S6 for a tree with detailed information 
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